Introduction
Polar liquid crystals and polar compounds compatible with 20 nematic materials are important for adjusting dielectric anisotropy, ∆ε, and hence modifying electrooptical properties of materials used in liquid crystal display (LCD) technology. 1, 2 In this context, we have been investigating zwitterionic derivatives of the [closo-1-CB 9 H 10 ] -cluster (A, Fig. 1 Unfortunately, these compounds have limited solubility in nematic materials, and their high ∆ε values were extrapolated from infinite dilutions. Subsequent investigation of zwitterionic esters of type IIA ( Fig. 1) , containing a sulfonium group (4[5] a and 4 [5] b, CHART I) or a pyridinium fragment (5, 5, 6 CHART 35 I) revealed that they form nematic phases, have satisfactory solubility in nematic hosts, and possess ∆ε between 30 and 40. For the 4-cyanophenol ester in series 5 a record high ∆ε of 113 was measured in a nematic host. 5, 6 In continuation of our search for new polar compounds with . 3 The iodides 6 were obtained from protected mercaptans 7 3 upon reactions with an 60 appropriate dibromides 8 7 under hydrolytic conditions as described before. , 5 and 9 [7] were prepared by thermolysis of the methyl ester of diazonium acid 12 8, 9 in the presence of the appropriate thiane 13[n] 8 followed by 70 hydrolysis of the resulting methyl ester 14[n] (Scheme 2). Thiane 13 [7] was prepared in reaction of dibromide 8 [7] with Na 2 S in EtOH/H 2 O (Scheme 3). 8 Dibromide 8 [7] 10 was obtained following a previously established procedure for dibromide 8 [5] . 7 Thus, octanal and dimethyl malonate were converted to dimethyl 3-heptylglutarate (15 [7] ) in 4 steps and 90 65% overall yield (Scheme 3). Subsequently, the ester was reduced to diol 16 [7] and converted to dibromide 8 [7] . trans-4-Alkylcyclohexanols 11 17 were isolated from a mixture of stereoisomers by recrystallization of their 4-120 bromobenzoate esters 19, followed by hydrolysis.
Thermal analysis
Transition temperatures and enthalpies of compounds 3[n] and 4[n] were determined by differential scanning calorimetry 125 (DSC). Phase structures were assigned by optical microscopy in polarized light, and the results are shown in Tables 1-3 . The effect of alkyl chain extension at the thiane ring on thermal properties was investigated for select esters 4[3] (Table  3) 
Binary mixtures
To assess the new materials for formulation of LCD mixtures, selected compounds were investigated as low 200 concentration additives to nematic host ClEster, which is an ambient temperature nematic characterized by a small negative ∆ε of -0.56. In addition, solutions of 3 compounds in CinnCN were prepared to establish their virtual clearing temperatures [T NI ]. In general, three-ring esters destabilize the host's nematic phase, whereas 4-and 5-ring derivatives stabilize the host's nematic phase. 
Dielectric measurements
Analysis of selected binary mixtures in ClEster revealed linear dependence of dielectric parameters on concentration, 245 which, after extrapolation, established dielectric values for pure additives (Fig. 3) . Analysis of the data in Table 4 
Analysis of dielectric data
Dielectric parameters extrapolated for pure additives were 275 analyzed using the Maier-Meier relationship (eq 1), 18, 19 which includes molecular and phase parameters. 20 Using experimental ε ║ and ∆ε values and DFT-calculated parameters µ, α, and β (Table 5) , equations 2 and 3 are used to calculate the apparent order parameter, S app , 20 and Kirkwood factor, g ( Table 4 ). The 280 effect of the additive was ignored in the determination of field parameters F and h in equations 2 and 3; F and h were calculated using the experimental dielectric and optical data for pure ClEster host. The molecular electric dipole moment, µ, and polarizability, α, required for the Maier-Meier analysis were obtained at the B3LYP/6-31G(d,p) level of theory in the dielectric medium of ClEster. 22 While molecules in series 3[n] are essentially conformationally stable with a strong preference for the trans 295 isomer in the diequatorial form, 5 sulfonium esters 4[n] exist as a dynamic mixture of interconverting stereoisomers trans and cis in about 4:1 ratio (Fig. 4) . 5 Therefore, their molecular parameters were obtained as a weighted sum of values calculated for the two stereoisomers Results in Table 5 
4[n]-trans
with respect to the main molecular axis from β = 13. The effectiveness of these compounds as high ∆ε additives to ClEster was investigated using the Maier-Meier formalism. Following a frequently used approach in designing of polar liquid crystals, the analysis initially assumed the order parameter of the additives to be the same as for the ClEster 375 host (S = 0.65), and Kirkwood factor (g) was set at 0.5. 24, 25 Results in Table 4 (Table 4) .
Results in Table 4 indicate that small polar compounds are more effective additives due to their higher density of dipoles Finally, it should be emphasized that analysis of experimental dielectric data using the Maier-Meier formalism 465 provides informative insight into the behavior of additives in nematic solutions and has become an important tool in our investigation of polar compounds.
Conclusions
We have reported a diverse library of two series of polar compounds derived from an inorganic boron cluster, which act as effective additives to nematic materials for modulating dielectric anisotropy, ∆ε, and hence electrooptical properties. 
Computational details
Quantum-mechanical calculations were carried out using Gaussian 09 suite of programs. (8 mol%) , and iodide 6 7 (1.0 mmol). The mixture was stirred overnight at rt. 10% HCl was added, and the mixture was extracted with Et 2 O (3x). The combined extracts were dried (Na 2 SO 4 ), and the solvent was evaporated. The resulting residue was purified by passage through a silica 535 gel plug (hexane/CH 2 Cl 2 , 1:1). The eluent was filtered through a cotton plug, and the solvent evaporated to give the desired product in about 90% yield. Pure product for analysis was obtained by triple recrystallization (toluene/iso-octane) as white crystals.
Experimental Part

540
Analytical data for compounds 3[n] are provided in the ESI.
Preparation of esters 4[n]. Method A.
A suspension of sulfonium acid 9[n] (0.16 mmol) in CH 2 Cl 2 (1 mL) was treated with (COCl) 2 (3 eq) and anhydrous DMF (cat. amount). The 545 suspension was stirred vigorously at rt until it became homogeneous (~30 min). The light yellow solution was then evaporated to dryness, and the residue was redissolved in anhydrous CH 2 Cl 2 (1 mL). Phenol 10 (1.1 eq) and freshly distilled NEt 3 (3 eq) were added, and the mixture was stirred 550 overnight at rt. The reaction mixture was washed with 5% HCl (3x), and the organic layer was dried (Na 2 SO 4 ) and solvent removed. The product was purified by passage through a silica gel plug (CH 2 Cl 2 ). The eluent was filtered through a cotton plug, and the solvent evaporated to give the desired ester in 555 about 60% yield. The resulting ester was purified further by repeated recrystallization typically from an iso-octane/toluene mixture.
Method B.
The crude acid chloride (generated from 9[3] as in Method A), excess alcohol 11 (5 eq), and freshly distilled 560 pyridine (5 eq) were stirred and heated for 3 days at 90 °C, with protection from moisture. At times, the reaction was cooled to rt, and minimal amount of anhydrous CH 2 Cl 2 was added to wash the sides of the flask. The product was purified as in Method A. 2 mmHg) , left at ambient temperature for 2 hr, and analyzed by polarized optical microscopy (POM). Homogeneous samples were used for 575 thermal and dielectric measurements. Long-term stability of the solutions was determined by analyzing the samples by POM after at least 20 hr at ambient temperature.
The clearing temperature for each homogeneous mixture was determined by DSC as the peak of the transition using small 580 samples (~0.5 mg) and a heating rate of 5 K·min -1 . The results are provided in the ESI. The virtual N-I transition temperatures, [T NI ], were determined by linear extrapolation of the data for the peak of the transition to pure substance (x = 1). To minimize the error, the intercept in the fitting function was set 585 as the peak T NI for the pure host.
Electrooptical measurements. Dielectric properties of solutions of selected esters in ClEster were measured by a Liquid Crystal Analytical System (LCAS -Series II, LC 590 Vision, Inc.) using GLCAS software version 0.13.14, which implements literature procedures for dielectric constants. 28 The instrument was calibrated using a series of capacitors. The homogeneous binary mixtures were loaded into ITO electrooptical cells by capillary forces with moderate heating supplied 595 by a heat gun. The cells (about 10 µm thick, electrode area 1.00 cm 2 and anti-parallel rubbed polyimide layer) were obtained from LC Vision, Inc. The filled cells were heated to the isotropic phase and cooled to rt before measuring the dielectric properties. Default parameters were used for measurements: 600 triangular shaped voltage bias ranging from 0.1-20 V at 1 kHz frequency. The threshold voltage, V th , was measured at a 5% change. For each mixture the measurement was repeated 10 times for two cells. The results were averaged to calculate the mixture's dielectric parameters. Results are provided in the ESI 605 and extrapolated values for pure additives are shown in Table 4 .
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